
OPTIONS FOR IRON-CATALYZED LIQUEFACTION OF LOW-RANK COALS 

Edwin S. Olson, Candace M. Buchwitz, and Mary Yagelowich 
Universal Fuel Development Associates, Inc. 

Grand Forks, ND 58201 

Ramesh K. Sharma 
University of North Dakota Energy and Environmental Research Center 

Grand Forks, North Dakota 58202 

Key Words: Coal 1 iquefaction, iron catalysts, ion exchange 

ABSTRACT 

Liquefaction of low-rank coals is impeded by the mineral content of the 
coal. 
in the process equipment, but they also disrupt the functioning of the 
catalyst by blocking pores, deactivating sites, or causing sintering or 
aggregation. A series of liquefaction tests was performed that compared 
ion-exchanged Wyodak coal with the as-received coal. The catalysts were 
impregnated iron or iron dispersed on acidic supports. 
to heptane solubles were obtained with iron impregnated (PETC method) into 
acid-washed Wyodak. Alternatively, solubilization of as-received Wyodak 
with CO/water (uncatalyzed) gave an ash-free intermediate that produced high 
conversions to heptane-soluble product in the subsequent catalyzed 
liquefaction reaction. 

Inorganic constituents such as calcium are a major factor in deposits 

Highest conversions 

INTRODUCTION 

The high calcium content of low-rank coals has been recognized for 
some time as a potential problem in processing these coals to useful 
products. Operational difficulties were experienced at the Wilsonville 
Advanced Coal Liquefaction Research and Development Facility during the runs 
with Black Thunder (Wyoming) subbituminous coal due to substantial sol ids 
deposition (1). These deposits contained large amounts of calcium 
carbonate. In batch and continuous unit tests conducted at PETC (2), 
dispersed iron catalysts prepared by the PETC method exhibited poorer 
activities with subbituminous coals than previously obtained with bituminous 
coals. 
dispersed catalyst particles during tests with Black Thunder coal. Joseph 
and Forrai (4) examined the adverse effects of exchangeable cations (Na, K, 
Ca) on liquefaction of low-rank coals by ion-exchanging additional ions into 
the coals. 
deposits can rapidly deactivate the catalyst by blocking pores and active 
sites in the fine particles or could cause the particles to aggregate. Loss 
of catalytic activity for the activation of hydrogen then leads to 
condensation and retrograde reactions that form carbonaceous deposits and 
low oil yields. 

possible solution. 
noncatalytic thermal 1 iquefaction of acid-washed lignite gave lower 

Swanson (3) recently reported that deposits of calcium coated the 

The evidence cited in these reports implies that calcium 

Replacement of the alkaline earth cations with hydrogen ions is a 
However, previous studies at EERC (5) demonstrated that 
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conversions than the as-received coals. The lower y i e l d s  were a t t r i b u t e d  t o  
condensation react ions catalyzed by the h i g h l y  a c i d i c  c lays  generated dur ing 
the exchange process. 
methanolic HC1 were examined (6). This pretreatment s i g n i f i c a n t l y  increased 
the conversion t o  THF-solubles i n  noncata ly t ic  react ions.  
increase i n  conversion t o  o i l s  f o r  ammonium-exchanged l i g n i t e  (4 )  a l so  
demonstrates the p o t e n t i a l  f o r  metal ca t i on  removal but  may no t  be feas ib le  
f o r  c a t a l y t i c  processing because o f  re lease o f  t he  ammonia. 
acid-exchanged and o the r  demineralized 1 ow-rank coal ma te r ia l s  i n  
l i q u e f a c t i o n  w i t h  var ious types o f  dispersed ca ta l ys ts  requi res extensive 
i nves t i ga t i on  and e l  u c i  d a t i  on. 

This paper repo r t s  our i nves t i ga t i ons  on the c a t a l y t i c  l i q u e f a c t i o n  o f  
low-rank coal t h a t  was pret reated by i o n  exchange w i t h  aqueous ac id  and by 
thermal s o l u b i l i z a t i o n  t o  a minera l - f ree product. 
ion-exchanged Wyodak subbituminous coal ( I E W )  was conducted t o  determine the 
ef fect iveness o f  various dispersed i r o n  ca ta l ys ts  wi thout  the compl icat ions 
o f  the exchangeable c a t i o n i c  components. A second ob jec t i ve  was t o  examine 
an a1 te rna t i ve  l i q u e f a c t i o n  scheme t h a t  produces minera l - f ree low-sever i ty  
intermediate i n  a nonca ta l y t i c  thermal pretreatment stage, t h a t  i s  
subsequently l i q u e f i e d  w i t h  various dispersed i r o n  ca ta l ys ts  i n  hydrogen. 

Recently the conversions o f  coals  washed w i t h  

The s i g n i f i c a n t  

The behavior o f  

A se r ies  o f  t e s t s  w i t h  

EXPERIMENTAL 9 

Preparation o f  Ion-Exchanged Coals 

100 m l  IN n i t r i c  ac id  f o r  one hour a t  ambient temperature. 
coal was separated by cen t r i f uga t ion  and washing w i t h  water. 

Coal L iquefact ion 

using several d i f f e r e n t  techniques p r i o r  t o  l i que fac t i on .  
(7) was used f o r  both ARW and IEW. Procedures reported by Z i o l o  and 
coworkers (9) were modi f ied t o  prepare Fe,O, dispersed on the coals. 
s l u r r y  cons is t i ng  o f  7.0 g o f  ARW coal o r  product coal obtained from 
pretreatment o f  7.0 g ARW, 10 wt%cof c a t a l y s t  ( i f  required), 0.1 g o f  
elemental s u l f u r ,  and 14 g o f  t e t r a l i n  (so lvent)  were placed i n  a 70-mL Parr 
reactor .  The reac to r  was evacuated and charged w i th  1000 p s i  ( i n i t i a l )  of 
hydrogen gas. The reac to r  was heated t o  425°C i n  a rock ing autoclave 
( i n i t i a l  heatup t ime = 15 minutes) and l e f t  a t  t h i s  temperature f o r  60 
minutes. A t  t he  end o f  the reaction, the reactor  was cooled t o  room 
temperature, and the  gases were removed. The product s l u r r y  was ext racted 
w i t h  te t rahydrofuran (THF) . The THF-insoluble product was d r i e d  under 
vacuum and weighed. A 4 m l  a l i q u o t  o f  the THF-soluble was mixed w i t h  one m l  
so lu t i on  of i n t e r n a l  standard (a mixture o f  2,2,4-trimethylpentane and n- 
octadecane i n  dichloromethane) and analyzed by GC. The remainimg THF- 
solubles were evaporated t o  remove THF, and the  dark o i l  was added t o  a 
l a r g e  excess of heptane and s t i r r e d .  The heptane-insoluble product was 
separated by cen t r i f uga t ion ,  washed w i t h  heptane, d r i e d  i n  vacuo a t  50°C and 
weighed. The percent conversion was ca lcu lated on the  bas is  o f  the coal 
(maf) t h a t  d i d  no t  appear i n  the THF-insoluble f r a c t i o n .  
y i e l d s  were obtained by d i f f e rence  (100% - %THF-insolubles - %heptane- 
inso lub les) .  

Acid-washed Wyodak ( IEW) coal was prepared by s t i r r i n g  7 g o f  ARW i n  
The ac id- t reated 

As-received Wyodak-Clovis Point  (ARW) and IEW coals  were pret reated 
The PETC-method 

A 

Heptane-soluble 
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RESULTS AND DISCUSSION 

Wyodak subbituminous coal was t rea ted  w i t h  n i t r i c  ac id  t o  remove by 
ion-exchange the  metal cat ions bound t o  the coal  matr ix .  I n i t i a l  thermal 
(noncata ly t ic )  t e s t s  were c a r r i e d  out  t o  prov ide a bas is  f o r  comparison w i t h  
the  c a t a l y t i c  t e s t s .  
i n  a rock ing microtube reac to r  f o r  1 h r  a t  425 "C w i t h  1000 p s i  ( co ld  
pressure) o f  hydrogen. The 
thermal reac t i on  of as-received Wyodak coal (ARW) gave a very h igh  
conversion .(89%) t o  THF-soluble products. These data are consis tent  w i t h  
e a r l i e r  r e s u l t s  for  low-rank coals  i n  thermal (noncata ly t ic )  reac t i ons  i n  
hydrogen o r  carbon monoxide ( 5 ) .  
i n  the nonca ta l y t i c  react ions.  
lower than t h a t  f o r  t he  ARW coal on a maf bas is .  The lower conversion i s  
also consis tent  w i t h  e a r l i e r  work w i t h  low-rank coals t h a t  demonstrated t h a t  
acid-washing lowers the  conversion. 
generation of h i g h l y  ac id i c  s i t e s  on c l a y  minerals i n  the  coal t h a t  cata lyze 
carbonium i o n  react ions t h a t  o f t e n  r e s u l t  i n  condensations t o  h igher  
molecular weight and less  so lub le  products. 
products formed i n  the  two thermal react ions were s i m i l a r  (48%). The 
heptane-soluble y i e l d s  are obtained by d i f f e rence  (100% - %THF-I - %heptane- 
I) and inc lude major amounts o f  the gaseous products (CO,, H,O, etc.) i n  
add i t i on  t o  t h e  heptane-soluble a i l s .  

The ion-exchanged coal was then reacted i n  c a t a l y t i c  l i q u e f a c t i o n  
tes ts  w i t h  several dispersed i r o n  ca ta l ys ts ,  and these r e s u l t s  were compared 
w i t h  s im i la r  c a t a l y t i c  reac t i ons  c a r r i e d  out w i t h  the ARW i n  order  t o  
determine the e f f e c t  o f  the i no rgan ic  cat ions on the c a t a l y t i c  a c t i v i t y .  
The PETC method (7) f o r  impregnating i r o n  as the  i r o n  hyroxyoxide on the  
coal surface was u t i l i z e d  f o r  prepar ing the dispersed i r o n  c a t a l y s t  f o r  
l i q u e f a c t i o n  o f  both ARW and I E W  coals. 
ARW v ia  the PETC method resu l ted  i n  a conversion t o  THF solubles s i m i l a r  t o  
those found i n  the  thermal reac t i ons  (88%), bu t  the y i e l d  o f  heptane- 
so lub les was s u b s t a n t i a l l y  h ighe r  (52%). 
demonstrated p r i n c i p a l l y  i n  the  o i l  y i e l d .  Generation o f  i r o n  hydroxyoxide 
on the IEW s i g n i f i c a n t l y  improved the conversion THF-solubles as we l l  as 
heptane-solubles (56%). The s i g n i f i c a n t  increase i n  y i e l d s  f o r  the IEW can 
be a t t r i b u t e d  t o  less deac t i va t i on  o f  the c a t a l y s t  by t h e  inorganic  mat ter .  

A l t e r n a t i v e  methods f o r  generat ing dispersed i r o n  on the coal sur face 
were also examined. Previous work a t  Universal Fuel Development Associates, 
Inc. (8) demonstrated t h a t  clay-supported i r o n  ca ta l ys ts  w i t h  h igh  
concentrat ions o f  maghemite f i n e  p a r t i c l e s  were much more c a t a l y t i c a l l y  
act ive than those w i t h  hematite. Z i o l o  and coworkers (9) repor ted t h a t  
maghemite f i n e  p a r t i c l e s  can be generated on ion-exchange res ins  by reducing 
f e r r i c  ions w i t h  hydrazine and sodium hydroxide o r  by t r e a t i n g  fer rous ions 
w i t h  hydrogen peroxide and ammonium hydroxide. 
d isso lves humic acids from the low-rank coal, ammonium hydroxide was 
u t i l i z e d  instead o f  sodium hydroxide t o  prepare the maghemite f i n e  p a r t i c l e s  
on the coal surface. 
hydroxide t o  maximize maghemite format ion d i d  n o t  improve conversions f o r  
IEW, 92% t o  THF-solubles, 47% heptane-solubles. Likewise treatment with 
f e r r i c  n i t ra te /hyd raz ine  d i d  n o t  improve conversions, 91% THF-solubles, 46% 
heptane-solubles. 

These t e s t s  requ i red  heat ing t h e  c o a l / t e t r a l i n  s l u r r y  

Conversion and y i e l d  data are g iven i n  t a b l e  1. 

Carbon monoxide works as we l l  as hydrogen 
The conversion f o r  t he  (IEW) t e s t  (86%) was 

This e f f e c t  was a t t r i b u t e d  t o  the 

The amounts o f  heptane-soluble 

Addi t ion o f  i r o n  hydroxyoxide t o  

Thus the c a t a l y t i c  e f f e c t  i s  

Since sodium hydroxide 

Treatment o f  the coal w i t h  fer rous chloride/ammonium 

A reac t i on  c a r r i e d  out  w i t h  t h i s  same pret reated coal but  
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2 FeC1, + NH.OHt H,O,b 

Table 1 

Catalytic Liquefaction with Dispersed Iron 

Reaction Temp. = 425"C, Reaction Time = 1 hr, H, = 1000 Psi (cold) 

I 

t 

without addition of sulfur gave a similar conversion, indicating that the 
iron dispersed by this method is inherently inactive. 

Previous work in this project was concerned with the preparation of 
fine iron sulfide particles supported on an acidic clay, and a preliminary 
report of mixed iron/alumina-pillared montmorillonite catalysis was 
presented ( 8 ) .  Catalytic liquefaction reactions of ARW and IEW were 
performed in tetralin using conditions similar to those above. 
were carried out using 10 wt% o f  the clay catalysts (sulfided in situ using 
small amount of elemental sulfur) at 425°C for one hour in 1000 psi of 
initial hydrogen pressure. 
given in table 1. 

With the most active of the mixed ironlalumina-pillared clay catalysts 
in the presence of sulfur, the conversion of the ARW was 91% t o  THF-solubles 
with 53% heptane solubles. 
sulfidation o f  the oxyiron catalyst, the conversion was substantially less, 
87% to THF-solubles, with only 33% heptane-solubles. 
in oil yield is attributed to the presence of the highly acidic clay and 
absence of any good hydrogen activation capability. The reaction o f  IEW 
coal with the active sulfided clay catalyst gave a significantly higher 
conversion to THF solubles, and excellent conversion t o  heptane-solubles 

Reactions 

The reaction conditions and yields data are 

In the absence of sulfur required for 

This large reduction 

(54%). 
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Although s i g n i f i c a n t  improvements i n  o i l  y i e l d s  were obtained as  a 
r e s u l t  of pre t rea t ing  the Wyodak t o  remove metal ca t ions ,  the economics of 
an ion-exchange process and subsequent disposal of t h e  ac id ic  waste water 
may not compensate f o r  the  increase i n  conversion and operabi l i ty .  
a l te rna t ive  l iquefac t ion  process has been u t i l i z e d  f o r  many years  a t  the 
Energy and Environmental Research Laboratories. This processing involves a 
noncatalyt ic  thermal pretreatment under carbon monoxide atmosphere t o  break 
down t h e  cross- l inks i n  the  coal t o  g ive  a high molecular weight THF-soluble 
intermediate i n  95% yie ld .  Mineral mat ter  i s  conveniently removed from the  
coal so lu t ion .  This ca t ion- f ree  low-severity intermediate i s  then used i n  
c a t a l y t i c  l iquefac t ion  t e s t s  w i t h  hydrogen. 

Wyodak coal (LSW) were car r ied  out with dispersed i ron c a t a l y s t s .  
soluble  intermediate was obtained by thermal l iquefac t ion  in CO and was 
separated from heptane-soluble products and so lvent ( te t ra1  in)-derived 
mater ia ls  by solvent  (heptane) prec ip i ta t ion  t o  give the high molecular 
weight LSW intermediate f o r  these  t e s t s .  The LSW i s  a low-density so l id  a t  
ambient temperature, but  melts e a s i l y .  A thermal (noncatalyt ic)  react ion of 
the LSW i n  t e t r a l i n  a t  425 "C f o r 2  hr i n  1000 psi  hydrogen gave 15% 
conversion t o  heptane-solubles (Table 3) .  The conversions obtained f o r  t h e  
LSW subs t ra te  cannot be d i r e c t l y  compared with t h e  coal conversions above, 
because t h e  subs t ra tes  a r e  qui te  d i f f e r e n t .  The 15% value f o r  t h e  LSW 
subs t ra te  represents  a conversion of  preasphal tenes  and asphal tenes  t o  
heptane-soluble o i l s ,  whereas the 48 t o  54% yie lds  of heptane-solubles given 
above f o r  coal subs t ra tes  include both t h e  more e a s i l y  cleaved o i l  products 
as  well a s  the  gaseous products of l iquefac t ion ,  such as s i g n i f i c a n t  amounts 
of carbon dioxide and water. 

iron/alumina-pillared clay c a t a l y s t  ( i n  s i tu  su l f ided)  gave 30% conversion 
t o  heptane-solubles under the  same condi t ions.  The two-fold increase in 
conversion t o  o i l s  f o r  c a t a l y t i c  versus  thermal react ions w i t h  the LSW 
subs t ra te  t h u s  compares favorably with the increase of 6% (48 t o  54%) found 
i n  t h e  experiments w i t h  ion-exchanged coal described above. 

treatment by s t i r r i n g  the low-density so l id  LSW with f e r r i c  n i t r a t e  solut ion 
and adding ammonium hydroxide t o  generate  the surface-bound i ron 
hydroxyoxide. The conversion of t h i s  material under condi t ions ident ica l  t o  
those above with i n  s i tu  su l f ida t ion  gave 15% heptane-solubles, the  same a s  
the thermal reac t ion .  
forms in t h e  react ion with LSW i s  ab le  t o  a c t i v a t e  hydrogen, or  whether some 
a c i d i c  component i s  required a t  this s tage of l iquefac t ion .  This r e s u l t  may 
have very important implications f o r  se lec t ing  conditions and coals  f o r  
appl icat ion of the PETC method t o  low-rank coa ls .  

A var ia t ion  of  the PETC method was attempted t o  generate the dispersed 
i ron c a t a l y s t  on the LSW. Ethanol was used t o  obtain a co l lo ida l  dispers ion 
of t h e  LSW, which was then mixed with the f e r r i c  n i t r a t e  solut ion i n  ethanol 
and the  ammonium hydroxide. After  removal of the  ethanol ,  t h e  l iquefact ion 
was carr ied out in t e t r a l i n  under condi t ions s imi la r  t o  those used above. 
When the dispersed i ron obtained by t h i s  method was u t i l i z e d ,  a 28% y i e l d  of 
heptane-soluble o i l s  was obtained. I t  i s  now obvious t h a t  there  a re  
c r i t i c a l  in te rac t ions  between the i ron and the coal surface t h a t  need t o  be 

An 

Several reac t ions  of a mineral-free low-severity intermediate from 
A THF- 

The l iquefac t ion  react ion o f  t h e  LSW i n  t e t r a l i n  w i t h  the dispersed 

The LSW intermediate was a l s o  subjected t o  t h e  PETC i ron dispers ion 

I t  i s  not known ye t  whether the  iron su l f ide  t h a t  
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f u r the r  e luc idated and evaluated f o r  designing a v iab le  coal l i q u e f a c t i o n  
method. 

CONCLUSIONS 

I n  coal l i q u e f a c t i o n  react ions t h a t  u t i l i z e  dispersed i r o n  ca ta l ys ts ,  
the c a t a l y t i c  a c t i v i t y  was s i g n i f i c a n t l y  improved by ion-exchange o f  cat ions 
present i n  the low-rank coals  by aqueous acid-washing. Higher conversions 
t o  heptane-solubles were obtained w i t h  ion-exchanged Wyodak when dispersed 
i r o n  ca ta l ys t  was prepared by the PETC method. 
pretreatment a lso improved the a c t i v i t y  o f  the dispersed iron/alumina- 
p i l l a r e d  montmor i l lon i te  ca ta l ys t .  A thermal pretreatment was a l so  used t o  
e l iminate mineral matter, and the i ron/a lumina-p i l lared c l a y  and one o f  the 
dispersed i r o n  c a t a l y s t  preparations were c a t a l y t i c a l l y  ac t i ve .  

The ion-exchange 
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Table 2 

C a t a l y t i c  L iquefac t ion  w i t h  Iron/Alumina P i l l a r e d  Clay 

Substrate 
(9) 
LSW 

AR = as rece ived  Wyodak 
IEW = 7.0 g AR coal was a c i d  washed and d r i e d  

Cata lys t  S u l f u r  THF-I Heptane-I 
( w t .  %) (9) 
None None 0 a5 

Table 3 

C a t a l y t i c  L iquefac t ion  o f  LSW Intermediate 

Reaction Temp. = 425"C, Reaction Time = 1 h r ,  H, = 1000 ps i  

LSW APC-Fe, 0 . 1  0 70 

LSW PETC 0.10 0 73 

H e p t a n e 4  

15 

30 

2a 
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